In 1994 Butov et al. [Phys. Rev. Lett. 73, 304 (1994)] reported large, extremely low-frequency f luctuations in the luminescence intensity from indirect excitons in a coupled quantum well. We have reproduced these f luctuations in a similar structure. Our observations indicate, however, that the f luctuations are spectral f luctuations rather than intensity f luctuations. We have eliminated several possible causes for the f luctuations and propose a possible cause.  2000 Optical Society of America OCIS codes: 300.6280, 300.6470, 190.3100, 190.4720, 190.5970, 270.1670. In 1994 Butov et al. 1 reported several interesting observations of indirect excitons in a bias-coupled quantum well. One of the most important of these was the observation of large, extremely low-frequency f luctuations in the luminescence intensity. Butov et al. argued that these large f luctuations arose from the statistics of a coherent source, which was due to spontaneous coherence of the excitons. One argument for this mechanism was that the f luctuations occurred only at high magnetic field and low temperature, conditions consistent with a Bose phase transition of the excitons.
In 1994 Butov et al. 1 reported several interesting observations of indirect excitons in a bias-coupled quantum well. One of the most important of these was the observation of large, extremely low-frequency f luctuations in the luminescence intensity. Butov et al. argued that these large f luctuations arose from the statistics of a coherent source, which was due to spontaneous coherence of the excitons. One argument for this mechanism was that the f luctuations occurred only at high magnetic field and low temperature, conditions consistent with a Bose phase transition of the excitons.
More recently, Krivolapchuk and co-workers 2 and Timofeev et al. 3 also reported large, low-frequency f luctuations in the luminescence intensity from indirect excitons at high density in bias-coupled quantum wells. They varied the laser excitation density both with and without a magnetic field and found low-frequency f luctuations at high excitation density. These were also interpreted as critical f luctuations near a phase transition.
We have reproduced these f luctuations in a structure that is similar to both of these quantum-well structures. Our observations indicate, however, that the f luctuations are spectral rather than intensity f luctuations. We have eliminated several possible causes of these f luctuations and propose a possible cause.
For these experiments we used a single, symmetric, coupled quantum well consisting of two 6.0-nm GaAs wells separated by a 4.2-nm Al 0.3 Ga 0.7 As barrier. The wells were surrounded by pure AlAs barriers, and the entire structure was grown upon a heavily doped p-type GaAs substrate with a heavily doped n-type capping layer, which created a p-i -n structure with an internal field of 25 kV͞cm that could be further biased by an applied voltage. As reported elsewhere, 4 -7 the energy of the indirect excitons shifts strongly with electric field because of the quantum-conf ined Stark effect, in which the conduction electron is conf ined to one well and the valence-band hole is conf ined to the adjacent, spatially separated well. The sample was immersed in liquid helium at 1.6 K; no magnetic field was applied to the sample in these experiments.
We excited the sample with a cavity-dumped, synchronously pumped, tunable dye laser that produced 2-5-ps pulses in the range 750-780 nm and observed the luminescence with a Princeton video CCD camera on an imaging spectrometer. The video CCD camera allowed us to record movies of the luminescence spectrum in real time. In this way we observed a dramatic onset of large f luctuations in the luminescence spectrum at high laser intensities. These f luctuations corresponded to a shift of spectral position of the indirect exciton luminescence line, without a signif icant change in total intensity. Because the spectral shifts were so large, however, if the luminescence had been recorded through a standard system with a single photomultiplier tube and a back slit on the spectrometer the spectral shift would have resulted in a large intensity f luctuation in time. The inset of Fig. 1 shows typical spectra. At low density, the FWHM that is due to inhomogeneous broadening is 3 meV in this sample. Figure 1 shows a typical f luctuation of the spectral position as a function of time, and Fig. 2 shows the power spectrum obtained by Fourier transforming the spectral position relative to time for a 60-s interval. Frequencies higher than 30 Hz cannot be observed because of the cutoff of the video rate. As shown in Fig. 2 , the power spectrum fits a 1͞f power law, as was seen by Butov et al. 1 We carefully monitored the intensity of the laser during these measurements and verified that the source of the observed f luctuations was not laser intensity f luctuations. The excitation density was varied by means of neutral-density filters with no change in the operation of the laser. We also verified that the effect is not due to a helium bubble on the sample surface by reproducing the effect with helium-vapor cooling. These f luctuations are especially surprising because they occur on time scales that are 6 orders of magnitude longer than the lifetime of any single exciton, which is approximately 100 ns. 4 Clearly, there must be some type of long-term memory in the system. One possibility is a lattice heating effect, because a local hot spot would produce a redshift in the bandgap 8 ; various f luctuations in the cooling rate could give a time-varying local temperature. That a lattice heating effect is the source of the long-term memory is unlikely, however, for several reasons: First, the substrate luminescence in the same spot, which we observed simultaneously, did not f luctuate or shift spectrally. Second, the f luctuations disappeared at low applied electric field. The electric field should not change the local lattice temperature signif icantly because the photocurrent was low. Third, we performed an experiment in which the average energy of the laser was kept the same but the period between pulses was increased. When the period between pulses was much longer than the exciton lifetime, the f luctuations disappeared. This result shows that the appearance of f luctuations requires some fraction of the excitons to exist from one pulse to the next. If the effect were due to lattice temperature variations on time scales of seconds, it should depend only on the average laser power.
Another surprising result is that the entire spatial distribution of the exciton luminescence shifted as a unit. Because we observed the spatial distribution on the CCD camera through an imaging spectrometer that preserved the spatial information in one dimension, we could see that the spectral shifts were the same for all positions of the excitation region over an ϳ100-mm distance, although the laser intensity was lower away from the center of the excitation spot. For this to occur, there most be long-range correlation in the system.
As was reported earlier, 9 the spectral position of the indirect excitons is a strong function of the exciton density, blueshifting as much as 20 meV with increasing laser intensity. These f luctuations occur at the highintensity limit of that blueshift. Because our previous observations 9 indicated that the density-dependent blueshift is due to exciton-exciton interactions, f luctuations in the local exciton density will lead to spectral f luctuations. As mentioned above, we did not observe large intensity f luctuations of the indirect exciton luminescence; therefore the total number of excitons was nearly constant. If the spectral position depends superlinearly on the exciton -exciton interactions, however, then small f luctuations in the exciton density could be responsible for the large spectral f luctuations that we saw. Here we propose one possible cause of these f luctuations.
Butov et al. 1, 10 reported fast diffusion of the indirect excitons under the same conditions as the f luctuations, and we have also seen evidence of fast diffusion at high density. 4 If the diffusion out of the excitation region is related to Bose condensation, this could be a mechanism for the f luctuations. It is well known that the ground-state mean-f ield energy of a Bose condensate is superlinear with density.
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This is also true in a two-dimensional Bose system with KosterlitzThouless long-range phase order. A rise in local density above the critical density for condensation would simultaneously shift the energy upward and also deplete the condensate by increasing the diffusion out of the excitation region. As the density drops because of diffusion, the ground-state energy falls, the diffusion constant drops, and therefore the density begins to build up. The f luctuations can be therefore be envisaged as arising from f luctuations in the densitydependent ground-state energy owing to varying diffusion, with the phase coherence of the excitons responsible for long-time memory and long-range spatial correlation.
In the regime of interest, we estimate that the pair density is of the order of 10 12 cm 22 . In this regime, the excitons cannot be viewed as a weakly interacting gas, as indicated by the strong blueshift of the exciton energy. 9 This does not preclude the presence of Bose coherent effects, however. As was shown by Comte and Nozières 12, 13 and several other authors, 14 -17 even at high densities excitons can enter a Bose coherent state that is most properly called the excitonic insulator, which shows much similarity to a Bose coherent state. It may be that this state is the only type of excitonic Bose coherent state that can exist in these coupled quantum wells, because at low density the excitons become localized. 18, 19 An alternative possibility to Bose condensation as the source of the f luctuations is hysteresis in the laser absorption, of the type envisaged by Toyozawa, 20, 21 leading to bistability. In this model, because the broadening of an absorption line is a strong function of carrier density, the below-resonance absorption is strongly affected by the carrier density, and therefore the local density for a given laser intensity will be bistable. In that case, however, the behavior should depend sensitively on the laser wavelength. We varied the laser excitation wavelength from 765 to 750 nm and did not see any strong dependence of the f luctuations on the laser wavelength.
Another, different, possible mechanism for the f luctuations is hysteresis in the carrier-carrier screening. This proposal 22 notes that excitons and free carriers should make quite different contributions to screening, because the excitons are charge neutral. The existence of excitons depends on the amount of screening, however, because strong screening can eliminate the electron -hole interaction that produces the excitonic bound states. Regions of bistability therefore exist in which the number of free carriers depends on the history of the system. In our coupled quantumwell system, we apply an electric field normal to the wells, which gives a large dc Stark shift, and therefore in this model the spectral f luctuation can be seen as a f luctuation in the local electric field that is due to f luctuations in the ratio of free carriers to excitons, which leads to large variations in the screening.
To test the various models for the f luctuations it is essential to perform a test of the photon statistics to determine the coherence properties of the exciton luminescence. As was noted by Fernández-Rossier et al. 23 and Laikhtman, 24 the luminescence from an excitonic condensate should be coherent. If the excitons are truly coherent, this would imply optical coherence without lasing.
